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Abstract

The Warburg effect, a defining hallmark of tumor metabolism, is characterized by cancer cells' preference for aerobic glycolysis
over oxidative phosphorylation. Once considered a curious anomaly, it is now recognized as a central driver of cancer progression,
metastasis, and therapeutic resistance. Harnessing this metabolic vulnerability has paved the way for new strategies in oncology - from
guiding prognostic biomarker development to enabling early detection through metabolic imaging. As researchers continue to explore
and decode the complexities surrounding tumor bioenergetics, the Warburg effect stands at the forefront of next-generation cancer

diagnostics and treatment.
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1. Introduction

According to a 2022 report by the World Health Organization
(WHO), approximately one in five individuals will develop cancer
during their lifetime, with one in every nine men and one in every
twelve women succumbing to the disease [1]. These statistics
highlight the urgent need for novel and more effective therapeutic
strategies, alongside the refinement of existing modalities.
Between 2020 and 2025, significant advancements have been
made in cancer therapy development, many of which exploit
distinct biological features of malignant cells. One such hallmark
is the "Warburg effect,’ first described by German Biochemist
Otto Warburg in 1923, which refers to the preferential reliance
of cancer cells on aerobic glycolysis and lactate fermentation
for energy production, even in oxygen-rich conditions [2]. This
metabolic reprogramming not only supports rapid proliferation and
survival but also facilitates metastasis by supplying ATP and other
essential biomolecules. Targeting the Warburg effect has emerged
as a promising strategy to overcome therapeutic resistance, enable
early cancer detection, and personalize treatment approaches
based on tumor-specific metabolic profiles. This review discusses
the therapeutic relevance of the Warburg effect, highlighting
how current and emerging treatment strategies are increasingly
dependent on exploiting these metabolic vulnerabilities to improve
clinical outcomes in oncology.

1.1. Mechanism of the Warburg Effect
Cancer cells typically exhibit an increased uptake of glucose,
mediated by overexpression of glucose transporters such as

GLUT]1, coupled with upregulation of key glycolytic enzymes
including hexokinase II and pyruvate kinase M2 (PKM2). These
changes enhance glycolytic throughput, enabling rapid ATP
generation and the diversion of glycolytic intermediates into
biosynthetic pathways. Intermediates such as glucose-6-phosphate
and fructose-6-phosphate, via the pentose phosphate pathway,
contribute to nucleotide synthesis, while 3-phosphoglycerate and
pyruvate help in amino acid and lipid biosynthesis. Thus, glycolysis
in cancer cells serves both energy production and anabolic
demands required for uncontrolled proliferation. A key regulator of
this shift is hypoxia-inducible factor-1a (HIF-1a), which remains
active regardless of oxygen availability in many tumors. HIF-1a
promotes the transcription of glycolytic enzymes and suppresses
mitochondrial respiration, thereby favoring glycolysis over
oxidative phosphorylation. Concurrently, oncogenic signaling
pathways such as PI3K/Akt/mTOR, MYC, and RAS reinforce
glycolytic gene expression and metabolic flux. The inactivation
of tumor suppressors like p53, which would normally promote
oxidative phosphorylation and mitochondrial integrity, leads to the
loss of this regulatory checkpoint.

The resulting accumulation of lactate and subsequent acidification
of the tumor microenvironment enhances angiogenesis, tissue
invasion, and immune evasion. Far from being an inefficient or
defective process, the Warburg effect reflects a strategic and highly
coordinated metabolic adaptation that supports the energetic,
biosynthetic, and redox needs of rapidly dividing cancer cells
within often hostile microenvironments.
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Figure 1: Schematic representation of metabolism in (A) normal cells and (B) cancerous cells under aerobic and anaerobic conditions.

2. Historical Evolution of the Warburg Effect

2.1. Original Warburg Hypothesis

A comprehensive historical perspective on the Warburg effect
has been documented in recent studies [3,4,5]. Otto Warburg
identified this phenomenon in the 1920s when he observed cancer
cells preferentially relying on glycolysis for energy production,
even in the presence of oxygen, a metabolic shift distinct from
normal cellular respiration. In his paper published in 1956, he
hypothesized that - "The prime cause of cancer is the replacement
of the respiration of oxygen in normal body cells by a fermentation
of sugar." 2 He further claimed that damage to mitochondrial
oxidative phosphorylation forces cells to rely permanently on
glycolysis even when abundant oxygen is available, and that
this metabolic reprogramming itself causes cancer (Warburg
hypothesis). Although he correctly identified mitochondrial
dysfunction in cancer cells as the root cause of enhanced aerobic
glycolysis (the Warburg effect), his hypothesis regarding this shift
being the primary cause of cancer was proven to be incorrect.

2.2. Modern Molecular Understanding

Recent studies have significantly advanced our understanding
of the Warburg effect. For instance, the Warburg effect has
been characterized as an active metabolic adaptation enabling
cancer cells to thrive in diverse tumor microenvironments [3, 6].
Subsequently, this adaptation has been linked to altered growth
factor signaling, oncogene activation, and loss of tumor suppressor
function, leading to the cellular reprogramming observed in
such cases [5, 7]. Further evidence has highlighted the pivotal
role played by transcription factors like HIF-1, c-Mye, and p53
in regulating these metabolic shifts [3,8]. According to recent
reports, the Warburg effect extends beyond energy production,
encompassing biosynthesis, redox homeostasis as well as cellular
signaling pathways [8, 9].

2.3. Current Paradigm Shifts

Recent advancements have induced several paradigm shifts in
our understanding of the Warburg effect. It has been highlighted
that metabolic reprogramming in cancer cells evolves throughout
disease progression, with distinct vulnerabilities emerging at

different stages [10]. Further studies underscored the significance
of the tumor microenvironment in shaping the metabolic phenotype
of cancer cells. The conceptual scope of the Warburg effect has
been expanded to include alterations in glutamine metabolism,
lipid synthesis, and one-carbon metabolism [8, 9]. Furthermore,
a better understanding of this metabolic phenomenon is driving
the development of novel therapeutic strategies, with metabolic
targets emerging as promising avenues for therapeutic intervention
[9, 11].

2.4. Review Methodology and Analytical Approach

Nineteen studies (fifteen narrative reviews and four experimental
investigations) have been reviewed to explore how the Warburg
effect impacts cancer detection and treatment strategies while
highlighting its historical significance. While twelve of these
studies focus exclusively on treatment, the remaining seven
address both detection and therapy. Several metabolic targets are
evaluated, with particular emphasis on glycolytic enzymes like
hexokinase-2 (HK-2), lactate dehydrogenase-A (LDH-A), and
pyruvate dehydrogenase kinase (PDK).

2.5. Clinical implications of Warburg effect on cancer detection
and treatment

Ten studies (eight narrative reviews and two experimental
investigations) examine how the Warburg effect impacts clinical
strategies in cancer detection and treatment. While it helps in early
detection through metabolic imaging and biomarker evaluation,
it also acts as the basis of treatment techniques that target
glycolysis and specific enzymes. Of the ten studies selected for
evaluation, six focus solely on treatment, and four address both
detection and treatment. A total of 13 metabolic targets (including
hexokinase-2, and pyruvate dehydrogenase kinase) are assessed
while emphasizing altered glucose metabolism.

As mentioned above, diagnostic approaches center primarily on
metabolic imaging and biomarker evaluation. Examples include
FDG-PET imaging and hyperpolarized magnetic resonance
spectroscopy, which are employed in cancer detection and
monitoring of treatment response, while over-expression of
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enzymes such as HK-2, PKM-2, and LDH-A may be linked
to prognosis in certain cancers (such as gastrointestinal and
lung cancers), thus acting as effective biomarkers. Therapeutic
strategies involve glycolysis inhibition and targeting individual
enzymes. Examples include:

1. Inhibition of hexokinase-2 and LDH-A, which, in preclinical
models, is associated with tumor cell apoptosis and increased
sensitivity to drugs such as paclitaxel.

2. Use of dichloroacetate to target pyruvate dehydrogenase kinase,
which in turn may help in reversing mitochondrial apoptotic
suppression.

3. Some studies underscore that metabolic profiling could aid
in early cancer diagnosis and personalized treatment, but faces
challenges in standardizing metabolomic techniques, translating
animal data to humans, and stratifying patients by genetic markers
like p53 status.

3. Biomarkers

3.1. Glycolytic Enzyme Markers

Several studies have identified over-expression of glycolytic
enzymes as potential diagnostic biomarkers. For instance, the
prognostic significance of enzymes like HK2, PKM2, and LDHA
in the diagnosis of gastrointestinal cancers has been reported [15].
In a related vein, the role of hexokinase-2 (HK-2) in the Warburg
effect was studied, highlighting its potential as both a diagnostic
marker and therapeutic target [16].

3.2. Predictive and Prognostic Indicators

In recent findings, it has been suggested that p53 status could
act as a predictive biomarker for the effectiveness of LDH-A
inhibition in pancreatic cancer [17]. Similarly, another study
highlighted the role of metabolomics in discovering diagnostic
cancer biomarkers and monitoring metabolic shifts induced by
therapeutic interventions [18].

The reviewed studies indicate potential avenues for enhancing
cancer detection and diagnosis through targeted exploitation of
the Warburg effect. However, the specificity and sensitivity of
these approaches across different cancer types warrant further
investigation.

4. Therapeutic Targeting Strategies

The studies demonstrated a strong emphasis on therapeutic
strategies targeting the Warburg effect, with key insights
summarized as follows:

4.1. Glycolysis Inhibition Strategies

In a comprehensive review based on glycolysis inhibition as an
anticancer strategy, specific glycolytic enzymes, notably hexoki-
nase-2 and LDH-A [14,16,17]. were identified as promising ther-
apeutic targets as these enzymes play critical roles in maintaining
the glycolytic flux [19].

4.2. Combination Therapy
Multiple investigations proposed that Warburg effect-targeted

therapies could be effectively combined with conventional
treatments, thus enhancing overall therapeutic efficacy.

A comprehensive study on this subject of integrating glycolytic
inhibitors with other treatment modalities [19]. Another further
demonstrated that LDH-A inhibition may enhance paclitaxel (a
chemotherapeutic agent) sensitivity in lung cancer cells [14].

4.3. Addressing Drug Resistance

Studies underscored how Warburg effect-targeted therapies
could potentially overcome drug resistance. It was observed that
glycolytic inhibitors are particularly effective against cancer cells
under hypoxic conditions, which are often linked to resistance
againstconventional therapies [17]. Furthermore, it was highlighted
that the success of LDH-A inhibition is modulated by p53 status,
emphasizing the importance of molecular profiling in overcoming
potential resistance [17]. These findings collectively indicate that
targeting the Warburg effect offers promising therapeutic strategies,
especially when combined with other treatments. However,
the effectiveness may vary depending on the specific molecular
targets, cancer types, and underlying genetic factors, emphasizing
the necessity for personalized approaches.

5. Clinical Implementation
The reviewed studies provided valuable insights into the clinical
implementation of Warburg effect-based strategies:

5.1. Treatment Monitoring Methods

Treatment monitoring plays a critical role in assessing therapeutic
efficacy and guiding clinical decisions. FDG-PET has emerged
as a valuable tool for diagnosis as well as therapeutic response
monitoring. Its potential for early identification of responders during
the treatment course has been highlighted [12, 13]. Similarly, the
use of hyperpolarized magnetic resonance spectroscopy to monitor
metabolic changes in response to therapy has been proposed [14].

5.2. Patient Stratification Strategies

The importance of genetic profiling for patient stratification has
been emphasized, particularly regarding the dependence of LDH-A
inhibition effectiveness on p53 status [17]. It was further suggested
that the expression levels of glycolytic enzymes and metabolite
transporters could serve as prognostic biomarkers, potentially
guiding treatment decisions [15].

5.3. Applications in Personalized Medicine

Several studies emphasized the potential for personalized
approaches based on tumor-specific metabolic profiles. For
instance, metabolomics has been shown to provide useful
information to clinicians regarding cancer patients' responses
to medical interventions [18]. Additionally, flavonoids have
been identified as potential modulators of the Warburg effect,
supporting the idea of individualized profiling for implementing
targeted 'anti-Warburg' strategies [20]. Overall, these findings
underscore the potential for integrating Warburg effect-based
strategies into personalized cancer management approaches.
However, the studies also highlight the need for further clinical
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validation and methodological standardization before widespread
implementation.

6. Conclusion

The Warburg effect, once a misunderstood anomaly, is now seen
as a fundamental aspect of understanding cancer metabolism and
designing targeted therapies accordingly. Exploiting metabolic
vulnerabilities inherent in cancer cells offers promising avenues for
earlier detection, overcoming drug resistance, and personalizing
cancer treatment. Continued integration of metabolic profiling into
oncology could revolutionize clinical strategies, while significantly
improving patient outcomes through targeted metabolic therapies.
To summarize:

e Otto Warburg discovered the Warburg effect in 1923, observing
cancer cells' preference for aerobic glycolysis.

e Although Warburg's hypothesis claiming defective mitochondria
to be the principal cause of cancer was incorrect, his identification
of metabolic reprogramming remains foundational.

e Modern research shows that the Warburg effect is driven by
factors such as oncogenic signaling, transcriptional regulation, and
tumor microenvironmental adaptations.

e Metabolic imaging techniques (FDG-PET, hyperpolarized MRI)
and biomarkers like HK2, PKM2, and LDH-A enable improved
cancer detection and prognosis.

e Targeting glycolysis and metabolic enzymes presents a
promising therapeutic strategy, especially when combined with
genetic profiling for personalized treatment.
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